In this paper, a novel method for the measurement of equilibrium contact angle of highly volatile binary liquids is proposed. The proposed method, which combines finite element method and energy equilibration, is able to calculate the solid-liquid contact area. The calculated solid-liquid contact area can then be used to estimate the equilibrium contact angle. Using the proposed approach, the contact angles of binary liquid droplet on a microgrooved and smooth polycarbonate substrate were calculated. The proposed method can be an efficient tool for finding the contact angle of all liquids (both volatile and non-volatile).
I. INTRODUCTION
Wettability becomes crucial for many industrial and scientific applications such as painting/coating [1] [2] [3] [4] , surface chemistry 5 , oil recovery [1] [2] [3] [4] and so on. Wettability describes the balance of three inter-facial interactions namely, solidliquid (γ sl ), liquid-vapor (γ lv )and solid-vapor (γ sv ) inter-facial interactions [6] [7] [8] . The balance between such three interactions are expressed by Young's equation [9] [10] [11] , γ lv cosθ = γ sv − γ sl (1) where θ is the contact angle. Although the surface tension of the liquid can be measured experimentally with satisfactory accuracy, the solid-liquid inter-facial tension cannot be measured directly, and therefore the wettability is usually described by the contact angle, which is the angle formed between the solid-liquid interface and the liquid-vapor interface. The contact angle is measured experimentally using a standard approach called sessile drop method, in which the camera focuses the liquid droplet placed over a solid substrate and the geometry of the droplet is used to obtain the contact angle 12 .
Apart from sessile droplet method, there are also other methods of measuring contact angle directly which includes "tilting plate" method 13, 14 , captive bubble method, etc., [15] [16] [17] . Although the measurement of contact angle from these methods is relatively straightforward, there are several issues that require attention while using volatile liquids: 1. The inherent inaccuracy of the direct measurement techniques and 2. Simultaneous variation in the contact area and contact angle of the liquid over the solid surfaces 18 . There have been numerous studies reporting contact angles for a variety of liquids, binary systems, etc., In most such studies, the liquids used are less volatile and the binary system used contains water as one of its moiety. a) Electronic mail: nilavarasikv@gmail.com b) Electronic mail: madhurima@cutn.ac.in
In the present paper, an attempt is made to address the problem of measuring contact angle of highly volatile liquids. Here, equilibrium droplet shape of highly volatile binary liquids on the horizontal smooth and constrained surfaces are simulated to obtain the contact angle of binary liquids on solid surfaces. This 3D-drop shape model is used to numerically analyze the shape, contact area and contact angle of the liquid droplets over the solid surface. The effect of variation of surface tension and surface roughness on the drop shape and apparent contact angle is examined. The liquids used in the present study includes water, methanol, ethanol and different concentrations of the ethanol-methanol binary system. The simulated results are validated with the experimentally obtained data. The present study shows that the proposed method can be an efficient tool for finding the contact angle of all liquids (both volatile and non-volatile).
The contact angle measurements are also useful in determining the size of the pores formed as a result of self-assembly of condensed liquid droplets. Since, pore size is a measure of diameter of a triple phase contact line. In the present study, an attempt is also made to compare the experimental pore size of the self-assembled droplet patterns with the simulated droplet size.
II. SIMULATION DETAILS
The equilibrium shape of a liquid drop is achieved through energy minimization. In the present study, the finite element method and gradient descent method is used to evolve the surface toward minimal energy 19, 20 . The liquid droplet equilibration is achieved by minimizing various energies namely, surface tension, gravitational energy, etc., involved in the defined system. The initial geometrical parameters, energies and constraints involved in the system are given as inputs and the program minimizes the total energy of the system by modifying the surface geometry according to the defined parameters and constraints. The droplet size obtained from simulated stable equilibrium shape of various liquid droplets over specific smooth and constrained surfaces are compared with those from experiments. In the present work, the Surface Evolver is used to simulate the drop of different liquids onto a smooth and constrained surface. The gravitational effect is negligible in the present case and hence do not influence the results significantly. Therefore, gravitational energy was not taken into account in our model. The surface tension of the droplet and the inter-facial energy are specified in the data file. The initial geometry and the shape after successive evolutions are shown in Figure 1 . The free energy of the system is expressed as 21 ,
and the contact angle (θ ) is defined by Young's equation [9] [10] [11] . Here in equation 4, γ lv refers to surface tension of the liquid and A lv refers to the liquid-vapor contact area. The drop volume specified in this work is 9 µl. The bottom face of the droplet is constrained to move and this boundary condition is considered to be responsible for obtaining the shape of the droplets. For the sake of convenience, the constraints are specified to the edges which defines the three phase contact line. The successive refinements and steps concerning energy minimization computes the equilibrium shape of the system. Figure 1 gives the illustration of the steps involved in the Surface Evolver simulation.
III. RESULTS AND DISCUSSION

A. Smooth surfaces
Measuring the contact angle of the highly volatile liquid is experimentally difficult 5, 15 . Hence, in the present study, Surface Evolver is used to model the wetting behavior of the ethanol-methanol binary liquid drop on the smooth surface. For this solid-liquid inter-facial tension calculated from experiments is used an input parameter instead of conventionally used contact angle. The variation of solid-liquid inter-facial tension for various concentration of methanol is shown in Figure 2 free energy are shown in Figure 3 and 4. It is observed from the figure that the variation of concentration of binary liquid affects the width and height of the liquid drops on the smooth surface. Hence the shapes calculated from Surface Evolver helps in understanding the variation of pores shapes with varying concentration of methanol 22 .
The solid-liquid inter-facial tension for all concentration of ethanol-methanol binary system is calculated following ideal Raoult's law 23, 24 and using the obtained values, the drop shapes are simulated. The results of Surface Evolver simulation are compared with the experimentally observed profile of pore shapes. The simulation results show a similar trend as observed in experimental results 22 . The complex variation at low concentration of methanol as seen in experiments is also observed in simulation results. To further understand the correlation between the concentration of methanol and the pore size, diameter of the droplets are calculated. From the obtained diameter of drops, normalized diameter is calculated. The normalized diameter versus concentration of methanol is also plotted (shown in Figure 5 ). Comparison is made between the normalized diameter calculated from simulation and the normalized pore size obtained from experiments and is shown in Figure 5 .
Further, the deviation in diameter obtained from experiment and simulation from the ideal case (diameter calculated from simulations using inter-facial tension calculated from Raoult's law) is calculated and is shown in Figure 6 . It is observed that except at the concentration of 21% and 40% of methanol, all other concentrations showed a positive value. This concentration 21% of methanol is the concentration where the complexity in intermolecular interactions is observed 25 and 40% of methanol is the concentration, where the presence of strong hydrogen bonds were reported 25, 26 .
The difference between the simulation and experimental diameter is also calculated and is shown in Figure 7 . Positive deviation is observed for all concentration of methanol except at 21% of methanol. This shows that the simulated results are in good agreement with the experimental data i.e., the relative error between experimental and simulated values are small. The negative value at 21% occurs in the region where the complex behavior in inter-molecular interactions is observed. For the sake of comparison, the liquid-vapor inter-facial tension obtained from experiments and calculated from Raoult's law is plotted and shown in Figure 8 . It is clear from the figure that the ethanol-methanol binary system is far from ideal. The total energy and total area of the system for various concentration of methanol are calculated from the simulations and are shown in Figure 9 . The total energy and total area show a similar trend as seen from experimental result at the lower concentration of methanol in ethanol-methanol binary system. Hence in conclusion, the Surface Evolver results is found to corroborate the experimental findings. Surface Evolver is proved to be a tool for calculating the contact angle of highly volatile liquids for which experimental measurement of contact angle is difficult.
B. Constrained surfaces
The solid-liquid inter-facial tension for constrained surfaces are calculated from experiments and used as an input parameter instead of conventionally used contact angle. The variation of solid-liquid inter-facial tension for various concentration of methanol is shown in Figure 10 .
The shape of the droplet on constrained surfaces after the energy minimization are shown in Figure 11 and 12. It is observed from the figure that the variation of concentration of binary liquid affects the width and height of the liquid drops on the constrained surface. Hence the shapes calculated from Surface Evolver helps in understanding the variation of pores shapes with varying concentration of methanol. It is also observed that the constraints on the surface has significant influence in the wetting behavior of the surface.
Similar to smooth surfaces, the solid-liquid inter-facial tension for all concentration of ethanol-methanol binary system is calculated following ideal Raoult's law and using droplets are calculated. From the obtained diameter of drops, normalized diameter is calculated. The normalized diameter versus concentration of methanol is also plotted (shown in Figure 13 ). Comparison is made between the normalized diameter calculated from simulation and the normalized pore size obtained from experiments and is shown in Figure 13 . Further, the deviation in diameter obtained from experiment and simulation from the ideal case (diameter calculated from simulations using inter-facial tension calculated from Raoult's law) is calculated and is shown in Figure 14 . Positive deviation is observed for all concentration of methanol except at 21% of methanol and 100%, where the complexity in properties is observed. At certain concentrations, the datas obtained from experiments and simulations doesnot correlate. This is due to the presence of chloroform in the experiments which is not taken into account in simulations.
The difference between the simulation and experimental diameter for constrained surfaces is also calculated and is shown in Figure 15 . It is observed that the deviations is observed to be positive for low concentration of methanol. The higher concentration shows a negative deviation, which may be due to the possibility of complex interactions as observed in 22, 25 . For the sake of comparison, the liquid-vapor inter-facial tension obtained from experiments and calculated from Raoult's law is plotted and shown in Figure 8 . It is clear from the figure that the ethanol-methanol binary system is far from ideal.
The total energy and total area of the constrained system the simulations and are shown in Figure 16 . The total energy and total area show a similar trend as seen from experimental result at the lower concentration of methanol in ethanol-methanol binary system.
Similar to the simulations obtained for smooth surfaces, the Surface Evolver results of constrained surfaces is found to corroborate the experimental findings. Surface Evolver is proved to be a tool for calculating the contact angle of highly volatile liquids for which experimental measurement of contact angle is difficult.
IV. CONCLUSION
The contact angle of highly volatile liquid droplets on horizontal smooth and constrained surfaces are calculated. This is performed by simulating the equilibrium liquid droplet shape on the specified surfaces and numerically analyzing the contact area and contact angle of the liquid droplets on the surfaces. The effect of variation of surface tension and surface roughness on the drop shape and apparent contact angle are examined through the simulating the droplets of water, methanol, ethanol and various concentration of ethanol-methanol binary system. The simulated results are validated with the experimentally obtained data. The present study shows that the Surface Evolver can be an efficient tool for finding the contact angle of all liquids (both volatile and non-volatile).
